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These types of climbing include sport climbing, speed climbing, and bouldering. Speed climbing is attempted on auto-belay, with the competitor clipped in to an automatic belaying device which automatically takes in rope slack as the climber ascends the wall. Competitors are ranked based on how long it takes them to climb a specific route, which is usually standardized. Bouldering is attempted without a climbing rope and with landing mats for protection. A number of individual, short routes or "problems," are attempted and judged upon completion (USA Climbing). Indoor sport climbing is generally what is looked at in research. Sport (or lead) climbing is when climbers ascend a climbing wall and clip a safety rope through a succession of bolt anchors along the route. These routes are established by professional route-setters 2, 3 . These competitions take place year-round, and now will make way for climbers to qualify for the 2020 Olympic Games, where rock climbing is going to be introduced for the first time as an Olympic Sport.
Aside from competitive rock climbing, it is increasing in popularity as a means for recreational physical fitness and exercise. It is estimated that every day 3,000 people try rock climbing for the first time 4 Previous studies in rock climbing have explored the physiological response of handgrip strength in elite climbers (5.12d-5.14a for males and 5.12d-5.14d), recreational (5.1-5.9), and nonclimbers. As in any other sport, with practice and repetition one can surpass the recreational/beginner phase quite quickly. On the other end of that, one must train vigorously and for many years in order to reach the elite level. With that being said, most athletes in the climbing community can be identified as intermediate climbers.
Although rock climbing has increased in popularity in recent years, the physiological responses to climbing are not vastly studied relative to other sports 2 . It is important to understand physiological responses to any sport to succeed as an athlete or as a coach to properly train athletes for improvement and success. Rock climbing is a unique sport which requires great upper limb strength, more specifically in the fingers and forearms. Forearm strength is an important factor while climbing because the sport almost entirely involves sustained and intermittent isometric forearm muscle contractions 5 . Previous research has looked in to the importance of upper limb strength while climbing, specifically the fingers and forearms. In climbing, the force contact with most holds is generated by the effect of body mass along the gravitational line, as the external force pulls the hand onto the hold with muscular force maintaining the specific hand position against the external force 6 . However, the importance of this strength as it pertains to intermediate sport rock climbers has not been assessed. Previous research by Watts et al. has indicated that after climbing until fatigued, elite climbers' handgrip strength decreases by 22% 7 .
Statement of Purpose
The purpose of this study was to quantify the change in handgrip strength over a 30-minute bout of continuous climbing, specifically in intermediate sport climbers. An additional aim of this study was to quantify any change in forearm girth over a bout of climbing and compare it to the change in strength and to identify if there is a relationship between the two.
Statement of Hypotheses
It was hypothesized that handgrip strength would decrease over the duration of the 30-minute bout of continuous climbing. H0= µpre = µpost; H1= µpre > µpost. It was also hypothesized that forearm girth would increase over the duration of the 30-minute bout of continuous climbing.
H0= µpre = µpost; H1= µpre < µpost. An additional hypothesis was that the two would have a strong negative correlation with one another. 9 . However, it is important to remember that this study collected baseline data at rest, not while climbing. While the dynamometer is commonly used to assess climbers' grip strength, it has been compared with other climbing specific tests.
The results from one study analyzed the difference between these two types of tests and concluded that measuring grip strength via dynamometer is not specific in determining climbing ability in elite climbers, but can be used for lower level athletes. The specific test used in this study included ledge hangs and pull up holds for a duration of time, which assessed more advanced grips and activated more muscle groups used during climbing than just the simple handgrip dynamometer test. The results from these climbing specific tests showed a greater correlation to climbing ability when compared to the results from the hand grip dynamometer 10 .
Watts et al. looked at acute changes in handgrip strength, endurance, and blood lactate in sustained sport rock climbing. The purpose of this study was to look at hand-to-rock contact strength as it is an important factor for success while climbing 7 . Expert climbers (n=11) climbed continuously on a 5.12 route which was near the limit of each subject's on-sight lead climbing ability. On-sight refers to a route that one can ascend without a preview or fall 11 . Handgrip strength was measured on each hand and averaged pre-climb, post-climb, and at 5, 10, and 20 minutes during recovery. Additionally, handgrip endurance (the time that the dominant hand handgrip force could be sustained at 70% of handgrip strength) was taken pre-climb, post-climb, and at 20 minutes during recovery. The participants climbed the route continuously until they fell. From pre-climb to post-climb, handgrip strength decreased by 22% and handgrip endurance decreased by 57%. Both measures remained depressed after 20 minutes of recovery. The results of this study showed that the measurement of handgrip endurance was impacted more than handgrip strength when continuously climbing a difficult route 7 . This is an interesting finding because climbers tend to attribute climbing failure to the decrease in grip strength they experience, however these results show that climbers actually experience a loss in grip endurance. This study also was found that a decrease in handgrip strength significantly correlated with an increase in blood lactate levels, indicating that while intensity and exertion was increasing, handgrip strength was decreasing. This study succeeded in defining acute changes in handgrip strength and endurance after sustained climbing, however the mechanisms of fatigue were not explored 7 . As mentioned before, it has been argued that measuring handgrip strength is not necessarily the best measure for rock climbers because of its lack in specificity. However, handgrip strength continues to be looked at because climbers attribute failure to "grip fatigue" 3 .
Watts et al. looked further into specific handgrip strength by recording forearm electromyogram (EMG) responses for six handgrips during climbing and compared these responses to a maximum handgrip test 6 . Five experienced climbers (mean climbing difficulty 5.11b) performed 4 moves up and down with a crimp, pinch, three 2-finger combinations, and an open-hand grip 6 .
They concluded that all climbing EMGs exceeded handgrip EMGs which shows that handgrip dynamometry lacks specificity in actual rock climbing at the experienced level 6 . Watts et al.
concluded that although maximum handgrip strength is often correlated with climbing ability, elite climbers' values are not usually high when compared with age/sex norms. Therefore, it is unclear whether a decrease in handgrip strength is a direct cause of falls in climbing, despite climbers reporting falling due to "grip fatigue" 6 . Watts et al. successfully examined physiological variables relating to elite sport climbing, however there are still more questions to be answered.
This study is one of the only ones to explore the physiological responses that result after climbing. Overall, handgrip dynamometry lacks specificity in elite climbers, however this has not been determined for lower level climbers.
Oxygen consumption in sport climbing
A common strategy in exercise science used to determine fitness capacity is measuring maximal oxygen consumption. Most often, maximal oxygen consumption tests take place on the treadmill, however other modes such as cycle ergometer and upper body ergometer can also be used.
Merimer et al. explored the relationship between heart rate (HR) and oxygen consumption (VO2) over three progressively difficult climbing routes. HR increased progressively, however VO2 remained the same over the three trials. This differs from the typical linear HR-VO2 relationship during other exercise modes such as the treadmill and cycle 12 . The results from this study suggest that VO2 has a small role in determining climbing performance 13 . Another study by Booth et al.
instructed elite climbers to perform an incremental climbing test to volitional fatigue on a vertical climbing ergometer to reach a VO2climb-peak 11 . This was then compared to the oxygen uptake during an outdoor climbing bout. The percentage of VO2climb-peak required during an outdoor route is substantial which is evidence that the aerobic system is being used during climbing, despite previous data which suggests a non-linear HR and VO2 relationship 11 . In addition to the relationship between HR and VO2, HR and rate of perceived of exertion (RPE) have been compared between beginner and recreational indoor climbers 14 . In this study, beginner and recreational sport climbers climbed two routes that varied in difficulty from 5.6 to 5.8. HR
was recorded pre-climb, during climbing and during recovery. There was a 20-minute rest period between each climb, and RPE was recorded after each climb 14 . The main conclusions of this study were that changes in HR and RPE differ between beginner and recreational climbers. It was noted that these findings may be beneficial to climbing instructors because it shows how climbers with varied skill levels respond during climbing 14 . Billat et al. investigated aerobic capacity in four elite climbers by having them perform a VO2 max test on the treadmill, and a pulling test, and then a climbing test and compared the three. 5 It was concluded that the VO2 demands of climbing are low 5 . These studies assess the energy systems used while climbing, however do not define the major muscle groups used. It has been defined that climbing is predominately a series of isometric muscle contractions, however literature shows most studies exploring HR and VO2 relationship, handgrip strength and endurance in elite climbers, or simply defining anthropometrics. Additionally, many of these studies do not asses the discussed parameters after a bout of climbing. Studies assessing anthropometrics have concluded that it is important to consider body mass when measuring muscular strength in climbers 1 . Giles et al. found that when absolute strength was measured, there was little difference between climbers and non-climbers. However, when strength was measured relative to body mass, climbers' strength was significantly higher 1 .
Another group of expert climbers (having the ability to lead 5.12b) was assessed to evaluate the effects of an active vs. a passive recovery on post-climbing blood lactate and handgrip strength 3 .
The handgrip strength of these expert climbers was measured pre-climb, and at 1, 10, 20, and 30 minutes post-climb. Handgrip strength was significantly decreased at one minute post-climb for the active recovery group (cycling at 25 watts) and was not significantly changed for the passive recovery group. Both group's handgrip strength returned to pre-climb level by 20 minutes postclimb. Their climbing protocol was to ascend a 5.12b route which was relatively sustained in difficulty throughout its 20 meters in length 3 .
To our knowledge, there have not been any studies assessing the change in forearm girth in sport rock climbers as it relates to grip strength. Subjects then filled out a short questionnaire addressing climbing history, experience, and current climbing ability/training status.
Rock Climbing Protocol
After anthropometric measurements were completed, the climbers were instructed to put on their climbing gear (rock climbing shoes and harness) and tie in to the top rope with a retraced figure- 8 knot, while the belay device. The participants were then reminded of the protocol: to ascend one of the two 5.9 route on top rope as many times as possible over 30 minutes, with heart rate, handgrip strength, and forearm girth being measured at the completion of each ascent. Two identical 5.9 routes were set on the same face of the climbing wall using the same hold types in order to assure the routes were alike. Climbers were instructed to stay on route (using only one color for both hands and feet) and climb continuously from start to finish, with breaks only at the bottom (after being lowered) as needed. These rest times were recorded by members on the research team. Climbers were able to use features on the wall, as well as the arête along with the designated climbing holds. 
Handgrip strength
The change in handgrip strength and forearm girth were assessed for all participants in the study.
Due to the fact that all participants completed a different number of ascents, change in handgrip strength and forearm girth was assessed in quadrants of individual participants' climbs: the first 25% of the 30 minute bout, 50%, 75%, and 100%. All data presented are normal (see appendix). These correlations represent the first 50% of the climbing bout. When the entire data set was looked at there was a weak correlation (r = -.311, p < .01); 25%: (r = -.265, p = .098); 75: (r = -.246, p = .007). However, in both handgrip and girth, there were no significant increases or decreases after 50% of the climb. Therefore, only the first 50% of the data points for each participant were included in the correlation. There was a significant negative correlation (r = -.392, p < .001). Participants' average heart rate (HR) while climbing was 71±4.2 % of age-predicted HRmax.
This demonstrates that although participants climbed various amounts of the same route, their intensity was about the same according to mean percentage of HRmax while climbing.
Rest Period
Rest periods in between each climb were measured for all participants. The rest times are measured in seconds. The mean rest time in between climbing intervals was 1:18±3.3 sec. The longest amount of rest time occurred 75% through the climb, where the mean is 1:22±33. This is towards the end of the 30 minutes, where subjects' handgrip strength decreased as well (19.7% for the dominant hand and 18.5% for the non-dominant hand). However, it appears that participants took less rest time at the very end of their bout, perhaps to get more ascents in. This The purpose of this study was to better understand the physiological demands of indoor sport rock climbing, specifically the occurrence of forearm muscle fatigue and change in forearm girth in intermediate climbers.
Our hypothesis for the current study was that handgrip strength would decrease over the bout of climbing, and forearm girth would increase. We rejected the null hypothesis and accepted the alternate hypotheses: H1= µHGpre > µHGpost; H1= µGirthpre < µGirthpost.
The results of our study showed a significant decrease in dominant handgrip strength by 22.1% (p < .05), and a significant decrease in non-dominant handgrip strength by 23% (p < .05), as well as a significant increase in dominant forearm girth by 4.5% (p < .05), and a significant increase in non-dominant forearm girth by 4.4% (p < .05). Additionally, there was a significant negative correlation for both dominant and non-dominant handgrip strength and forearm girth (p < .001).
Rock climbing almost entirely involves sustained and intermittent isometric forearm muscle contractions 5 . Muscle fatigue is a common complaint in physical activity (including rock climbing) and it can be defined as exercise-induced decrease in the ability to produce force 15 .
The results of our study show a 22.1% decrease in handgrip strength in the dominant hand, and a 23% decrease in handgrip strength in the non-dominant hand. Our results are similar to the results where elite climbers' handgrip strength decreased by 22% when climbing to failure 7 . The participants in the previously mentioned study were instructed to climb continuously on an indoor sport climbing route (5.12a) until a fall occurred. This route involved a 7.4m vertical section, an 18.5m overhanging arch, and a 7.4m vertical down-climb where participants had to climb up, under the arch, and down without touching the floor and then reverse back up.
Participants were lead climbing, which is a more difficult type of climbing than top-rope where climbers clip their rope in to anchors along the route as one ascends. Handgrip strength was measured 20 minutes before climbing, one minute after climbing, and five, 10, and 20 minutes post-climb. These participants were considered elite climbers. There has not been previous research on handgrip strength over a bout of climbing in intermediate climbers. The results from our study showed that handgrip fatigue progressively decreases in both the dominant and nondominant hand while climbing. We found that in the dominant hand, handgrip decreased by 11.7%, 17.5%, 19.7%, and 22.1% during 25% of the climb, 50%, 75%, and 100% of the climb respectively. We found that in the non-dominant hand, handgrip decreased by 10.4%, 14.3%, 18.5%, and 23% during 25% of the climb, 50%, 75%, and 100% of the climb respectively.
It is common for climbers to attribute failure and/or the need for longer rest times to forearm/grip fatigue also known as the "pump". This "pump" is an occurrence when the sensation of forearm tightness occurs and can cause one's climbing ability to decrease. Although this occurrence is talked about a lot in climbing, it has yet to be studied. To our knowledge, no study has looked at change in forearm girth over a bout of climbing. However, there has been observations that fatigue in climbing occurs with an increase in forearm girth and pain 16 . Although forearm girth has not been measured, lactate has been used as a measure of fatigue in the peripheral muscles, mainly the forearms and upper body 11 . There was a previous study which looked at the effects of passive versus active recovery on lactate, and it was found that due to the increase in heart rate during active recovery, blood flow increases to the working muscles and is believed to enhance the removal of lactic acid 17 . The mechanism behind forearm girth increasing during rock climbing can be attributed to the repeated isometric contractions of the forearm which results in a stop in blood flow and increased swelling of the forearm. As one contracts the same muscles and repetitively keeps them contracted, strength output decreases as swelling and pain increases. The participants in our study did not have much of a recovery period in between climbs, and the period that was spent recovering was passive. This passive recovery period could contribute to the decrease in blood flow to the working muscles of the upper body and forearms. In addition to active recovery enhancing blood flow in the peripheral muscles in climbers, cold water immersion has been found to be an effective recovery mode. Cold water immersion is a technique that is believed to induce localized vasoconstriction which reduces acute inflammation in the forearms 18 . Previously, vascular characteristics of rock climbers have been compared to untrained individuals, where brachial artery diameter and blood flow were measured 19 . It was hypothesized that rock climbers would show enlarged artery diameter and enhanced capillary filtration and capillary density 20 . In climbers, resting arterial diameter was 11.8% greater than in non-climbers, and capillary filtration capacity was 27.4% greater in climbers than non-climbers.
These results demonstrate that rock climbers have increased vasculature which provides information that repeated isometric ischemic conditions enhance vascular adaptations 19 . The results of our study show a 4.5% increase in forearm girth in the dominant hand and a 4.4% increase in forearm girth in the non-dominant hand. Additionally, the results of our study show a significant negative correlation between handgrip strength and forearm girth (dominant and nondominant), which tells us that as handgrip strength decreases, forearm girth decreases. To our surprise, the correlation between handgrip strength and forearm girth was not strong in all 10 participants. However, perhaps this can be attributed to the fact that trained climbers have enhanced vascular adaptations, so their change in forearm girth over the bout of climbing was not substantial. It would be interesting to perform a similar protocol on un-trained climbers and assess their change in forearm girth.
Along with forearm muscle fatigue, rock climbing causes cardiovascular stress while climbing.
Heart rate during climbing was assessed to quantify the intensity of this physiological stress. The mean heart rate achieved over the 30-minute bout was 71±4.2% of age-predicted HRmax.
Previous research measuring heart rate for beginner and recreational climbers ranged from 76-90% and 71-79% respectively 14 . According to this data, it is clear that beginners' heart rate is higher while climbing than more experienced climbers'. Previous research also shows that experienced climbers have lower energy expenditure while climbing than beginners 12 . This suggests that skill and technique play an important role in energy expenditure while climbing, and this could influence heart rate 14 . The HR data recorded in our study is similar to that of previous studies 14, 1, 13, 12 .
Rest time in between climbing bouts is not extensively researched. A study assessed the effects of active versus passive recovery on post-climbing blood lactate and handgrip strength 3 .
Although there are no recovery mode guidelines, passive recovery during and after climbing is assumed to be more common than active recovery. The results of the study by Watts et al.
regarding active versus passive recovery and its effects on handgrip could not be compared because the passive recovery group did not experience a significant decrease in handgrip strength from the climbing bout 3 . The authors concluded that active recovery produced blood lactate levels equal to baseline level within 20-minutes post-climb. However, these rest times were not assessed in between multiple ascents as they were in our study. A systematic review looking at optimal rest time during resistance training show that 2-5 minute interest rest intervals may produce the greatest power-strength benefits, however rest interval length may vary based on athlete's training age, fiber type, and genetics 21 . The results from our study show a mean rest Also, pre-climb nutrition was not controlled for. Additionally, we measured forearm girth at the widest part of each individual's forearm, however measuring girth more centrally could better explain the forearm "pump" that occurs while climbing. The tightness sensation occurs in the medial/distal area of the forearm, rather than the widest part, which is more towards the elbow.
Future studies should regulate climbing time, measure forearm girth distally, or look at blood flow via ultrasound and/or water displacement to better explain the "pump" sensation that occurs while climbing.
In summary, the results of our study showed that in intermediate sport rock climbers, both dominant and non-dominant handgrip strength significantly decreased by 22.1% and 23%
respectively over a 30-minute bout of climbing. Additionally, forearm girth increased significantly by 4.5% and 4.4% in the dominant and non-dominant hand respectively. The heart rate response showed that intermediate climbers ascending a 5.9 route multiple times resulted in 71 ± 4.22 % of age-predicted HRmax. The rest times in between ascents showed a mean of 1:22 ± possible that with longer rest times, handgrip strength would not decreases as substantially.
Our results can contribute to the existing literature and help us to better understand the physiological demands of indoor sport rock climbing, specifically the change in handgrip strength and forearm girth while climbing. As a result of better understanding this common muscle fatigue, indoor rock climbing facilities and/or rock climbing instructors can better prescribe recommendations for time of climbing bouts and rest time which will maximize time spent on the wall. These results present valuable information than will have a big impact on the climbing community, specifically the population which makes up most of it.
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